Active slot waveguides were fabricated by embedding low-index Er/Yb silicate material in high-index silicon. A 1.7 dB signal enhancement at 1.53 μm in a 6 mm-long slot waveguide was observed through 1476 nm pumping. The peak Er emission cross-section is determined as 7.53 × 10 −21 cm 2 and the excited Er ion fraction is 0.17. Our experiment shows that the defects in upper c-Si of Si-on-insulator (SOI) and deposited α-Si distorts photoluminescence spectrum and prevents further optical amplification. This negative effect can be partly corrected through annealing treatment, which allows better propagation of the pump light, therefore, stronger excitation in the sandwiched Er/Yb silicate. The defects also affect the 1.53 μm decay curve and are the dominant lifetime reduction mechanism in the active slot waveguide. © 2012 Optical Society of America OCIS codes: 230.4480, 160.5690, 230.7370. Over the last few years, slot waveguides have attracted increasing attention in the photonics community [1] [2] [3] [4] [5] . In this structure, low-index material is sandwiched by highindex silicon to form high-index-contrast configuration. Due to the continuity of normal electric displacement (D εE) at dielectric interface, the electric field for a TM-like mode can be enhanced by a factor of n si 2 ∕n slot 2 in the low-index slot region. Furthermore, this structure can provide relatively high electric field confinement, which is expected to produce high modal gain [6] . For active material embedded in the slot region, the concentrated electric field can promote the light-matter interaction. According to Fermi's Golden Rule, the spontaneous emission rate is expected to increase due to enhanced local density of optical states (LDOS). Despite wide researches on passive SiO 2 slot waveguide and spontaneous emission of Er material embedded in slot structure [7] [8] , the active devices, such as amplifiers and lasers, based on this kind of high-index-contrast configuration remain unreported. In this letter slot structure waveguides embedding active material were fabricated and measured. The active material is Erbium/Ytterbium (Er/Yb) silicate, which can provide relatively high Er/Yb concentration [9] [10] [11] [12] [13] . The codoped Yb ions play a role of separating neighbored Er ions to weaken the upconversion. Our experiment shows that the annealing process of deposited Si is very important to realize optical amplification. The effect of upper silicon annealing on lifetime was studied. In addition, Er peak-emission cross-section and the excited Er fraction are given for the fabricated slot waveguides.
Over the last few years, slot waveguides have attracted increasing attention in the photonics community [1] [2] [3] [4] [5] . In this structure, low-index material is sandwiched by highindex silicon to form high-index-contrast configuration. Due to the continuity of normal electric displacement (D εE) at dielectric interface, the electric field for a TM-like mode can be enhanced by a factor of n si 2 ∕n slot 2 in the low-index slot region. Furthermore, this structure can provide relatively high electric field confinement, which is expected to produce high modal gain [6] . For active material embedded in the slot region, the concentrated electric field can promote the light-matter interaction. According to Fermi's Golden Rule, the spontaneous emission rate is expected to increase due to enhanced local density of optical states (LDOS). Despite wide researches on passive SiO 2 slot waveguide and spontaneous emission of Er material embedded in slot structure [7] [8] , the active devices, such as amplifiers and lasers, based on this kind of high-index-contrast configuration remain unreported.
In this letter slot structure waveguides embedding active material were fabricated and measured. The active material is Erbium/Ytterbium (Er/Yb) silicate, which can provide relatively high Er/Yb concentration [9] [10] [11] [12] [13] . The codoped Yb ions play a role of separating neighbored Er ions to weaken the upconversion. Our experiment shows that the annealing process of deposited Si is very important to realize optical amplification. The effect of upper silicon annealing on lifetime was studied. In addition, Er peak-emission cross-section and the excited Er fraction are given for the fabricated slot waveguides.
Slot waveguides were fabricated from a commercial Sion-insulator (SOI) wafer, which has a buried oxide of 3 μm and upper crystal silicon layer of 250 nm. Through thermal oxidation and hydrofluoric acid (HF) etching, the crystal silicon layer was thinned to a thickness of 191 nm. Then sputtering process was executed to form a 110-nm-thick Er/Yb silicate layer using a mixed target, which is a mixture of Er 2 O 3 , Yb 2 O 3 and SiO 2 with a molar ratio of 1∶19∶20 [10] . The Er concentration in the sputtered Er/Yb film was confirmed to be 1 × 10 21 cm −3 by Rutherford backscattering spectrometry (RBS) spectra and X-ray fluorescence (XRF) spectra measurement. Then a 225 nm-thick Si was deposited as the upper high index layer. The sputtered film was annealed for 30 minutes at a temperature of 750°C to activate the Erbium (Er) ions and partly eliminate the defects of the upper Si layer. Through photolithography and Si etching, 2.7 μm-wide and 55 nm-thick silicon strips were formed. Finally, the fabricated slot waveguides were cleaved to a length of 6 mm for optical amplification testing. During the measurement, a tunable laser was used as signal light source which has fixed output power of 5.4 mW at wavelength range of 1440 nm to 1640 nm. The transverse magnet-(TM) like mode propagating along the slot waveguide was assured by using a polarization controller. The active material was excited by a fiber-coupled continuous-wave 1476 nm laser with a maximum power of 372 mW in the fiber output port. Figure 1 (a) shows the cross-section image of the fabricated slot waveguide by scanning electron microscope (SEM). The white part is the active material, which has a refractive index of about 1.65 measured by ellipsometer. The bottom and upper layers are c-Si and α-Si, which have similar index of about 3.45. The thickness of the bottom c-Si layer, active material, upper α-si slab and α-si strip are 191 nm, 110 nm, 170 nm, and 55 nm, respectively. Figure 1 (a) shows the calculated fundamental TM-like modal profile for 1.53 μm signal light. It can be seen that the electric field is enhanced in the slot region. Figure 1 (b) shows the normalized electric field along vertical direction at the horizontal center of the waveguide. For 1.48 μm pump and 1.53 μm signal light, the mode profiles are similar. The confinement factor Γ can be described as [6] Γ n g n slot
where n g is the group index and n slot is the refractive index in the slot region. For pump and signal light, the calculated Γ is 0.237 and 0.250, respectively. Figure 1(c) gives the atomic force microscope (AFM) image of the fabricated waveguide. Despite two depositing and one annealing process, the waveguide has a relatively smooth surface with a root mean square (RMS) roughness of around 1.8 nm. Figure 2 shows the photoluminescence (PL) spectra by top-down excitation of the active material. The green dash-dot curve is for Er/Yb silicate deposited on SiO 2 . A peak at 1.53 μm appears corresponding to the typical Er silicate emission character. In addition, it can be seen that emission is absent at 1400 nm and 1640 nm. The bluedot line is the PL spectrum for Er/Yb material sputtered on SOI substrate. Similar to that on SiO 2 , the PL peaks appear at the same wavelength position due to the same annealing temperature of 750°C. However, the curve is clearly overlapped by a background, which ranges from 1400 nm to 1620 nm. It is suggested that this background comes from upper silicon of SOI due to the existing active defects in it. The similar phenomenon was also observed in the crystalline Si membrane reported by Lo Savio et al [14] . The black solid line shows the PL spectrum for the slot structure with unannealed upper α-si. This curve is seriously deformed compared with that on SiO 2 . The defect emission at 1620 nm is nearly com-
of defects, the annealing process was executed after the active material and α-Si deposition. The PL spectrum is the red-dash curve, which has a similar line shape with the blue-dot line. From this curve, we can see that the defect emission is partly restrained compared with the slot structure with unannealed upper α-Si (black-solid line). However, the intensity of defect emission is still stronger than that of nonslot structure (bluedot line) due to the additional defects in upper α-Si layer.
Therefore, in the slot structure with thin Er material, the quality of high-index silicon plays a critical role for the PL and signal amplification. Film annealing after deposition is necessary and can partly remove the defects. In experiment, due to the numerous defects in the unannealed upper α-Si, the visible red upconversion emission only extends about two millimetres under high pump power, which is shown in the Fig. 2(b) . As a result, no signal enhancement can be observed. For the slot waveguide with annealed upper α-Si layer, just as that shown in Fig. 2(a) , the strong red light covers the whole 6 mmlong waveguide. Figure 3 shows the PL decay curves of the slot structure with and without upper silicon annealing. The inset shows the schematic system to measure the decay curve by top-down excitation method. One multimode fiber was used to transport the 980 nm pump light to excite the active material. The scattered infrared light was collected by another multimode fiber and sent to a digital oscilloscope to record the PL decay curves. The redcircle line corresponds to the PL decay curve for the slot structure with unannealed upper silicon and the blacksquare one is for the slot structure with annealed upper silicon. The single-exponential fitting shows lifetime of 0.268 ms for the unannealed one and 0.520 ms for the annealed one. The lengthened lifetime in the annealed one is due to the decrease of nonradiative transition rate coming from the decreased defects.
We measure the propagation loss and the coupling loss at 1640 nm where the Er absorption is relatively weak and could be neglected. The detailed method could be found in our previously published paper [10] . By averaging data from five 6 mm-long waveguides and five 11 mm-long ones, the coupling loss and propagation loss were determined to be 6.4 dB∕facet and 14.7 dB∕cm, respectively. Compared with the published propagation loss of 7 dB∕cm and 15 dB∕cm in similar single horizontal slot waveguides [4] [5] , the propagation loss in our structure is moderate. Due to the annealing process, the crystallization of upper silicon partly contributes to the propagation loss. Furthermore, the formed small particles in Er/Yb material during the annealing process serve as scattering center, which leads to part of the propagation loss. Of course, the scattering at dielectric interfaces, surface and sidewall of the silicon strip also brings propagation loss. The coupling loss partly comes from the modal mismatch between the lensed fiber and the fabricated slot waveguide, and partly comes from facet roughness, which can be decreased by facet polishing [15] . Figure 4 (a) shows the transmission spectrum for signal light at wavelength range of 1515 nm to 1560 nm under pump power of 0 mW and 372 mW. Under pump-off condition, the maximum absorption dip (α abs ) at 1.53 μm is about 4.9 dB (1.13 cm −1 ). It can be seen that the signal was enhanced at a large wavelength range. The wide range corresponds to the broad Er absorption, which covers wavelength range of 1440 nm to 1640 nm. Figure 4(b) gives the enhancement spectrum at pump power of 372 mW. From this figure, it can be clearly seen that the enhancement peak appears at 1.53 μm with a value of 1.7 dB (0.39 cm −1 ), which corresponds to the PL peak and absorption dip. The high-frequency oscillation noise comes from the Fabry-Perot (F-P) cavity effect, which is formed by the reflection of waveguide facets. At 1.53 μm wavelength, the waveguide absorption loss can be written as α abs Γ×σ abs ×N tot ×L, where Γis the confinement factor, σ abs is the peak absorption crosssection at 1.53 μm, N tot is the total Er concentration and L is the waveguide length. For the measured waveguide, α abs , Γ, N tot , and L are 1.13 cm −1 , 0.25, 1 × 10 21 ∕cm 3 , and 0.6 cm, respectively. Thus we can get the peak absorption cross-section of σ abs 7.53 × 10 −21 cm 2 , which is equal to the peak emission cross-section σ em . This value is close to the reported Er concentration in the similar Er/ Y silicate and Er doped silicon-rich silicon nitride [15] [16] . Based on the estimated Er absorption cross section, the excited Er fraction can be calculated by assuming a two-level model N tot N 0 N 1 , where N 0 and N 1 are the population on the ground and excited states. The observed signal enhancement can be described as β 2 × Γ×σ em ×N 1 ×L. Given β, Γ, σ em , and L of 0.39 cm −1 , 0.25, 7.53 × 10 −21 cm 2 , and 0.6 cm, the excited Er concentration is determined as 0.17 × 10 21 ∕cm 3 , which corresponds to an excited Er fraction of 0. 17 (f N 1 ∕N tot ) .
In conclusion, a 1.7 dB signal enhancement was observed in active slot waveguides. Compared with the previously reported passive SiO 2 slot waveguides, our active one has a moderate propagation loss, 14.7 dB∕cm. The Er absorption cross-section and excited fraction are determined as 7.53 × 10 −21 cm 2 and 0.17, respectively. The effect of active defects existing in Si on PL and optical amplification was studied in the experiment. Compared with the slot structure with unannealed upper silicon, the lengthened lifetime in slot structure with annealed upper silicon comes from the reduced nonradiative transition caused by the decreased defects in α-Si after the annealing process.
